Based on the fan-beam reconstruction formula recently developed by Noo et al. ͓Phys. Med. Biol. 47, 2525-2546 ͑2002͔͒ we develop a Feldkamp-type algorithm for the reconstruction of a volume of interest ͑VOI͒ from super-short-scan data. With either a circular or spiral scanning locus in our VOI reconstruction scheme, we first estimate fan-beam data from cone-beam data using the popular ''cosine correction'' scheme, and perform reconstruction based on Noo's FBP-type fan-beam reconstruction. Our proposed algorithm is tested using the three-dimensional ͑3-D͒ Shepp-Logan phantom. The experimental results show that the new algorithm can be applied to multi-source 4-D CT with significantly superior temporal resolution and temporal consistency relative to the Katsevich algorithm, which is the state of the art for exact helical cone-beam reconstruction.
I. INTRODUCTION
Recently, Noo et al. re-formulated a 2-D FBP-type reconstruction of a region of interest ͑ROI͒ from x-ray fan-beam projections. 1 It was shown that exact reconstruction of a ROI could be achieved using super-short-scan data. Specifically, instead of requiring all the data from every line passing through the whole object support, it is feasible to perform exact ROI reconstruction from a minimum set of data satisfying the following two conditions: ͑i͒ data from all the lines through the ROI be measured; and ͑ii͒ data be not truncated in any involved fan-beam projection. This finding reveals a substantial potential for temporal resolution improvement in fan-beam CT.
Because the medical CT scanner is rapidly evolving from fan-beam to cone-beam geometry, 2 we are motivated to take advantages of the Noo formula for cone-beam reconstruction with higher temporal resolution. Feldkamp et al. proposed a practical cone-beam reconstruction algorithm 3 for full scan data collected on a circular locus in 1984. This formulation is more desirable in many cases than an exact cone-beam reconstruction approach in terms of several aspects of image quality and computational implementation; the generic Feldkamp algorithm has been extended under various conditions, leading to a series of Feldkamp-type algorithms, 4 -7 which perform so-called ''cosine correction,'' 1-D filtering and 3-D backprojection. It is known that the Feldkamp-type reconstruction framework is compatible with any fan-beam reconstruction formula. 7 Therefore, the Noo formula can be generalized into a Feldkamp-type algorithm for the satisfactory reconstruction of a volume of interest ͑VOI͒. Furthermore, using the Feldkamp-type methodology 7 it can be proved that for any fan-beam formula a corresponding Feldkamp-type cone-beam formula could have the exact reconstruction properties that the original Feldkamp algorithm enjoys. In this work, we modify the Noo formula into a Feldkamp-type algorithm for the reconstruction of a volume of interest ͑VOI͒ from super-short-scan data, and verify its correctness and merits in numerical simulations.
II. FORMULATION
Let us denote the x-ray linear absorption coefficient distribution as f (x ជ ) with x ជ ϭ(x,y,z). The vertex path or scanning locus is parametrized by a scalar varying in some interval or union of disjoint intervals ⌳ of , and the vertex point described by a ជ (). The vector tangential to the vertex path at a ជ () is a ជ Ј()ϭda ជ ()/d. In the case of circular or helical scanning, a ជ Ј() exists and is nonzero almost everywhere. The cone-beam projection of f (x ជ ) from a vertex point a ជ () is defined by
where ␣ ជ in s 2 . We assume that the cone-beam projection cannot be truncated horizontally. The problem is to reconstruct f (x,y,z) from cone-beam data collected from a suitable vertex path.
Given the current CT scanning geometry, we always assume that a ជ () is either a circle or helix. Without loss of generality, a vertex path is parametrized as a ជ () ϭ"R 0 cos ,R 0 sin , (h/2) …, where is the x-ray source rotation angle around the z axis counterclockwise, R 0 is the scanning radius and h is the helical pitch of the spiral locus.
The object stays within the cylinder ͱx 2 ϩy 2 ϽR m ϽR 0 . As illustrated in Fig. 1 , the equi-spatial data format is considered, which means data are sampled with uniform intervals on a detector plane. We define e ជ 1 ϭ͑Ϫcos ,Ϫsin ,0͒,
͑2͒
e ជ 2 ϭa ជ Ј͑͒/ʈa ជ Ј͑͒ʈϭ͑Ϫsin cos ,cos cos ,sin ͒, ͑3͒ e ជ 3 ϭe ជ 2 ϫe ជ 1 ϭ͑sin sin ,Ϫcos sin ,cos ͒, ͑4͒
where ϭtan
Ϫ1
(h/2R 0 ). In the reference to Kudo et al., 8 with a ជ () being taken as the origin, e ជ 1 , e ជ 2 and e ជ 3 form a local coordinate system with cone-beam data measured using a planar detector array parallel to e ជ 2 and e ជ 3 at a distance D from the origin. A detector position in the array is given by a pair of signed values (u,v), which are signed distances along e ជ 2 and e ជ 3 , respectively. Let (u,v)ϭ(0,0) correspond to the orthogonal projection of a ជ () onto the detector array. Finally, let g (m) (,u,v) denote the measured equi-spatial cone-beam projection.
In the following, we derive our Feldkamp-type VOI reconstruction algorithm in two steps: ͑1͒ cone-beam data to fan-beam data conversion via a cosine correction, 7 and ͑2͒ fan-beam reconstruction using a Noo ROI reconstruction formula. 1 First, cone-beam data are approximately converted to fan-beam data via cosine correction:
Then, we can apply the super-short-scan fan-beam formula 
Note that on the mid-plane in the case of circular scanning,
. ͑14͒
Hence, we approximately have
There is a substantial flexibility with constructing a local detection coordinate system. Some researchers, such as Kachelriess et al.,
to define a natural detection system ͑, ͒ shown as in Fig. 1 . In this local system, the reconstruction can be performed using the same formulas as ͑5͒-͑10͒ except that forms a local detection coordinate system with its horizontal axis parallel to the vector tangential to the spiral locus; ͑, ͒ forms an alternative detection system with its horizontal axis parallel to the x-y plane.
The first reconstruction scheme is featured by a slant filtering along the tangential direction of the helical locus, identical to what Yan et al. suggested, 5 while the second scheme filters data horizontally. A detailed comparison between the above two filtering schemes is beyond the scope of this technical note, and should be investigated in the future. When hϭ0, formulas ͑11͒, ͑12͒, ͑16͒ and ͑17͒ are in the same form, which is our VOI reconstruction scheme in the circular scanning case.
III. SIMULATION RESULTS
Our VOI reconstruction formula ͑6͒ was numerically evaluated using the 3-D Shepp-Logan phantom 10 and the disk phantom. 11 The simulation parameters are summarized in Table I . Various cone-beam imaging protocols were simulated, including circular and spiral scanning for full-, short-, and super-short-scan datasets. Figure 2 shows a super-shortscan of a half-circle with ͓0,͔, and a union of three locus segments starting from 0°, 120°and 240°, respectively, with each arc spanning 73°.
The derivatives with respect to , u and v were implemented using the 2-point formulas. 
͑18͒
where s and e are, respectively, the starting and end points of the locus or a locus segment, and d is an angular interval over which ͑͒ smoothly drops from 1 to 0; here dϭ20°w as used. The voxel-driven backprojection was conducted using bi-linear interpolation of filtered data. In practice, the Hilbert transform can be performed in the Fourier domain using an apodization window of 512-point in length, since the detector size is 273. Our experiments indicated that the rectangular window produced a higher PSNR ͑peak-signal- ͑a͒ Original slice at zϭϪ6.25 cm; ͑b͒ reconstructed with the half-circle scanning shown in Fig. 2͑a͒ ; ͑c͒ and ͑d͒ reconstructed with short scan and full scan; ͑e͒ and ͑f͒ reconstructed with triple helical segments (h ϭ15.7 cm) corresponding to Fig. 2͑b͒ using Feldkamp-type corrections in the local coordinate systems (u,v) and ͑, ͒ in Fig. 1 , respectively. The gray-level 0.95 is mapped to black, and 1.05 to white. ROIs in ͑b͒, ͑e͒ and ͑f͒ are, respectively, half-disk-shaped and triangular, which are evident for their brightness. noise-ratio͒ than Hamming, Hanning and Blackman windows. 12 Therefore, the rectangular window was used in our simulations. Figure 3 presents original and reconstructed slices of the 3-D Shepp-Logan phantom in the circular and helical scanning geometry. As compared to the original slices, both the half-circle and the three-segment loci recovered the VOIs very well in both circular and helical scanning cases.
Clearly, the proposed algorithm can be used with multiturn helical loci. In this case, for any 3-D point in the VOI a simple way is to select a locus parameter interval with a length equal to 2. Figures 4͑a͒ and 4͑b͒ show the reconstructed slices with one-and two-turn helical loci, along with associated multi-planar reconstructions ͑MPR͒. With 1.0% Poisson noise added to the raw data, the reconstructed slices are given in Figs. 4͑c͒-4͑d͒ . In some homogeneous areas, the normalized standard deviation was found to be 1.2%, and PSNR 38.3. Figure 4 indicates that the reconstruction with two turns is more accurate than that with one turn, but the larger the number of turns the higher the radiation dose.
To evaluate the spatial resolution, we designed a 3-D resolution phantom. It contains seven balls of radii 0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4 cm, respectively. The voxel size was set to 0.195 cm. As shown in Fig. 5 , all the seven balls in the slice of zϭ0 can be seen and the minimum one is not so evident in the slice xϭ0. This suggests that the proposed algorithm can achieve a spatial resolution of about 1 mm. A systematic and comparative study would be interesting but considered beyond the scope of this technical note.
Recently, dynamic volumetric imaging ͑4-D CT͒ has been a highlight in the field of medical imaging. 13, 14 To demonstrate the strength of the proposed algorithm, we also applied it for dynamic imaging by simulating the case of multiple sources, 14 -17 which is not only theoretically interesting but also practically useful. In this simulation, the largest bright ellipsoid in the 3-D Shepp-Logan phantom was horizontally moved uniformly. To reconstruct this dynamic Shepp-Logan phantom, three-sources were symmetrically arranged on a transaxial plane, moved in the longitudinal translation and in-plane rotation simultaneously, then cone-beam data were collected for 80°per source, and reconstructed using our proposed algorithm. On the other hand, we applied Katsevich's algorithm 18 to reconstruct the same volume from needed cone-beam data collected using a single-source helical scan. Figure 6 shows representative slices reconstructed using our algorithm and Katsevich's algorithm. It can be observed that our algorithm produced better image quality in terms of temporal resolution and temporal consistency relative to the Katsevich algorithm. Furthermore, our algorithm improved the dynamic multi-source cone-beam algorithm by Liu et al. 14 because their algorithm requests a short-scan dataset while ours takes a super-short-scan dataset.
As with any Feldkamp-type algorithm, it shows a more serious artifact when moving away from the scanning plane in the circular scanning case, or when the helical pitch is increased in the helical scanning case. Consequently, our proposed algorithm is not suitable to reconstruct the stationary objects containing a sharp gradient along the z-direction. To demonstrate this weakness, we simulated with the disk phantom.
11 Figure 7 includes the reconstructed result using the spiral scanning shown in Fig. 2͑b͒ . It can be observed in Fig. 7 that familiar Feldkamp-type artifacts are evident in the reconstruction obtained with the proposed method, while the Katsevich algorithm can overcome this shortcoming.
IV. DISCUSSIONS AND CONCLUSION
In the review process of this paper, a reviewer brought the related recent work by Kudo et al. 19, 20 to our attention. Actually, what they proposed is another FBP-type reconstruction algorithm from super-short-scan data with circular 19 or helical scanning loci. 20 Although their method does not require derivatives of cone beam data, it takes derivatives of a weighting function. In other words, the derivative operation is still unavoidable. Therefore, our algorithm proposed here is different from the algorithm proposed by Kudo et 18 It is noticed that his formula can be only used in the case of a single source, while our algorithm can readily handle the case of multiple sources and would save a substantial amount of dose when only a VOI is to be reconstructed. More importantly, his formula reconstructs various voxels at different time instants corresponding to associated PI-segments, while our algorithm allows a much better temporal consistency.
In conclusion, we have proposed a new Feldkamp-type 3-D VOI reconstruction approach based on the Noo's formula. The numerical simulations have demonstrated the feasibility and advantages of our proposed algorithm for local reconstruction and dynamic imaging. FIG. 6 . Reconstructed slices at xϭ0 of the 3-D Shepp-Logan phantom in which the brightest ellipsoid is being moved uniformly. ͑a͒ The reconstruction using our method with three symmetrically arranged helical segments (hϭ15.7 cm) and using a Feldkamp-type method in the local coordinate systems ͑, ͒ in Fig. 1 ; ͑b͒ the counterpart using a Katsevich algorithm. The VOIs are enclosed within a white rectangle. The gray-level 1.00 is mapped to black, and 1.05 to white.
FIG. 7.
Reconstructed slice of the disk phantom at xϭ0. ͑a͒ The original slice, ͑b͒ reconstructed slice using our method with three symmetrically arranged helical segments (hϭ15.7 cm) corresponding to Fig. 2 ; ͑b͒ using a Feldkamp-type method in the local coordinate systems ͑, ͒ in Fig. 1 ; ͑c͒ the reconstructed slice using Katsevich's algorithm. Here gray-level 0.0 is mapped to black, and 1.0 to white.
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APPENDIX: DERIVATION OF "11… AND "12…

͑A6͒
we can prove ͑12͒ in the same way.
a͒
